The study investigates the fate and transport of microorganisms introduced by artificial groundwater recharge at the Nardò fractured aquifer in Salento, Italy. Microbial indicators of faecal contamination, parasitic protozoa (Giardia and Cryptosporidium) and pathogenic bacteria (Campylobacter spp.), were monitored into injected water and groundwater to test the efficiency of the "natural disinfection" into the fractured aquifer. A remarkable decrease of microbial indicators and pathogens was observed suggesting that pathogens removal or inactivation may be possible during water flow in fractured aquifer. The recently described PNA probe CJE195 (Lehtola et al. 2005) was utilised for the rapid and specific detection of Campylobacter spp. by fluorescence in situ hybridization (FISH) after enrichment.
INTRODUCTION
The artificial recharge of exploited aquifers with treated wastewater has been often proposed as a valuable option for addressing water shortage problems, focusing on the recycled water microbiological quality. Giardia and Cryptosporidium are the most common parasitic protozoa transmitted with waters in industrialized countries and numerous water-borne outbreaks of giardiasis and cryptosporidiosis have been documented mainly in the USA, Europe and Australia (Rose et al. 2002 and Slifko et al. 2000) . Campylobacter spp. are reported as new emerging waterborne pathogens, the vehicles of these microorganisms are usually foods and animals but they play a role in water borne infections as well (Horman et al. 2004) . Thermotolerant Campylobacter spp. are important pathogens causing gastroenteritis: they can cause mild to severe diarrhoea, and several species such as C. jejuni are occasionally invasive. C. jejuni, C. coli, and C. lari account for more than 99% of the human isolates (C. jejuni 90%). In this study the fate and transport of various enteropathogens and different microbial parameters were investigated, in a site of direct aquifer recharge with treated wastewater in Nardò , Southern Italy Apulia region, that suffers severe problems of water shortage (Lopez & Vurro 2008) . At present the National Decree D. Lgs., 2003, fixes for agricultural reuse a series of chemical-physical parameters and maximum values for two microbiological parameters: E. coli (cfu/100 mL): , 10 and Salmonella (cfu/100 mL): absent, (Lopez & Vurro 2008) .
The Nardò aquifer is a fractured limestone formation where the groundwater is loaded by a channel that collects superficial untreated waters due to rainfalls and effluents derived from municipal waste water treatment plants. The collected water is directly injected in the aquifer trough a sinkhole with an average flow rate of about 150 L/s. The sinkhole is basically a vertical cave with a large diameter (about 6 m). The continuous artificial injection produces doi: 10.2166/wst.2008.183 a mound of the water table of about 2 m around the injection site by increasing the piezometric head surface from the initial 2 m up to 4 m above the sea level. As a consequence, the water velocity in the fractures is very high (due to high hydraulic gradient) and ranges from 50 to 200 m/d. The aquifer was previously characterised by iodine and chlorophyll tracer tests; the spatial variability of the mean fracture aperture of the Nardò aquifer was determined by a geostatistical procedure and local aperture measurements evaluated by pumping borehole field tests (Masciopinto 2005) . Furthermore by groundwater monitoring and mathematical transport model the apparent pathogenic micro-organisms pathways in fractures were determined: they flew only along two canalized directions around the injection site (Masciopinto et al. 2007) . Five sampling points comprising the municipal waste water secondary effluent, the water entering the sinkhole and three wells located at different distances from the sinkhole, were selected to study the fate and transport of microor- 
METHODS

Sampling sites
Water samples for microbial indicator analysis were collected during six sampling campaigns in the different seasons of the years 2006 (January, April, July, November) and 2007 (February, May). Five sampling points were monitored: wastewater secondary effluent (SP1), sinkhole (SP2), two wells located at progressive distance form the sinkhole, respectively at 320 (SP3) and 500 (SP4) metres, and one lateral well, unaffected by the apparent plume of the injected wastewater, and used as groundwater quality background (SP0). Enterobacteria were analysed only from July 2006. The presence of pathogenic protozoa and bacteria was analysed during respectively four and three sampling campaigns as described in details later. The inactivation constant rate of three microbiological parameters namely somatic coliphages, Clostridium spores and faecal coliforms, was estimated by using the first-order process (Anders & Chrysikopoulos 2006) :
Microbiological parameters
The inactivation rate l estimation is reported in Table 1, at assigned distance of 320 m (SP3) and 500 m (SP4) wells. (2) give values 0.14-0.18 d 21 (for SP3 and SP4 wells). These values are in good agreement with those calculated by Equation (1).
The l values have been estimated by Equation (1), assuming the arrival time of pathogens into well equal to 2 d and 6 d for SP3 and SP4, respectively. Moreover the dilution factor operated by groundwater on the influent water was 42.2% into the well SP3 and 13.3% into the well SP4. These values have been determined by a model simulations carried out at the Nardò site.
Although the coliphages inactivation rate can be considered almost constant with distance form injection and according to Yates & Yates (1987) , a reduction of the inactivation constant vs. distance was noted for faecal coliforms and C. spores. This might be explained by a remarkable detachment of coliform and C. spores that were previously attached to the fracture walls during wastewater filtration. On the contrary, the attachment/detachment phenomena poorly affected the phages transport in the fracture: their inactivation was mainly determined by groundwater temperature.
Giardia cysts and Cryptosporidium oocysts
The presence of these protozoa was monitored during The higher count of Giardia in wastewaters and river samples was also detected in Brazil and Italy (Cacció et al. 2003; Briancesco et al. 2005; Cantusio et al. 2006) . Both Cantusio and Briancesco works suggested that methodological problems, such as the difficulty to detect the small oocysts especially in dirty waters samples might affect the lower count of Cryptosporidium detected. Such problems could explain the lack of Cryptosporidium oocysts in the SP1 water samples.
However, in the Nardò site, a different source of Cryptosporidium contamination at the SP2 sampling point should be considered, i.e. the runoff transporting animal faeces which can convey this protozoa in the channel and in the sinkhole. Table 2 .
As reported in Table 2 only one of the analyzed samples was positive. Although smaller and larger volumes of sinkhole samples were analysed, respectively 500 -1,000 mL to increase the chance of recovery of rare Campylobacter cells and 10 mL to reduce the competition of background bacteria (Abulreesh et al. 2005) , no increase in detection was observed.
At present consistent results were obtained by cultural method and PNA-FISH analysis. 
